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Summary
Hippocampal mossy fibers (MFs) innervate CA3 tar-
gets via anatomically distinct presynaptic elements:
MF boutons (MFBs) innervate pyramidal cells (PYRs),
whereas filopodial extensions (Fils) of MFBs innervate
st. lucidum interneurons (SLINs). Surprisingly, the
same high-frequency stimulation (HFS) protocol in-
duces presynaptically expressed LTP and LTD at
PYR and SLIN inputs, respectively. This differential
distribution of plasticity indicates that neighboring,
functionally divergent presynaptic elements along
the same axon serve as autonomous computational el-
ements capable of modifying release independently.
Indeed we report that HFS persistently depresses volt-
age-gated calcium channel (VGCC) function in Fil
terminals, leaving MFB VGCCs unchanged despite
similar contributions of N- and P/Q-type VGCCs to
transmission at each terminal. Selective Fil VGCC de-
pression results from HFS-induced mGluR7 activation
leading to persistent P/Q-type VGCC inhibition.
Thus, mGluR7 localization to MF-SLIN terminals and
not MFBs allows for MF-SLIN LTD expression via
depressed presynaptic VGCC function, whereas
MF-PYR plasticity proceeds independently of VGCC
alterations.
Introduction
In the mammalian cortex, single axons typically form di-
vergent contacts with postsynaptic targets belonging to
distinct functional categories such as GABAergic inter-
neurons and glutamatergic principal cells (reviewed in
Toth and McBain, 2000). While such divergent synaptic
connectivity may serve to coordinate large neuronal en-
sembles (Cobb et al., 1995), it poses a central dilemma
for investigating presynaptic plasticity, as release prop-
erties often exhibit postsynaptic target cell dependence
(Koester and Johnston, 2005; Maccaferri et al., 1998;
Markram et al., 1998; Reyes et al., 1998; Scanziani
et al., 1998; Thomson, 1997; Toth et al., 2000). For
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3 These authors contributed equally to this work.instance, cortical slice paired recordings have shown
that principal cell to principal cell synapses display
short-term frequency-dependent depression, while
principal cell to interneuron synapses may facilitate or
depress depending on the postsynaptic interneuron
type (Koester and Johnston, 2005; Markram et al.,
1998; Reyes et al., 1998; Rozov et al., 2001; Thomson,
1997). These functionally divergent connections are ob-
served even when the same presynaptic pyramidal cell
is used to obtain the paired recordings, revealing that
heterogeneity of release does not result from separate
afferent populations targeting distinct postsynaptic
neurons (Markram et al., 1998; Rozov et al., 2001).
Rather it appears that different presynaptic terminals
arising from a common afferent remain functionally dis-
tinct, allowing for specialization based on postsynaptic
targets.
A likely source of target cell variability in presynaptic
function is the manner in which individual axon terminals
initiate and process Ca2+ influx, the critical trigger for
release. Indeed a high degree of variability in spatio-
temporal Ca2+ dynamics exists between boutons of
the same axon in response to single action potentials
(APs; Koester and Sakmann, 2000). Furthermore, single
AP-induced Ca2+ transients in principal cell boutons in-
nervating multipolar interneurons are significantly larger
than those in boutons innervating bitufted interneurons
(Koester and Johnston, 2005), and frequency-depen-
dent facilitation of pyramid to bitufted interneuron trans-
mission is more sensitive to presynaptic Ca2+ chelation
(Rozov et al., 2001). While these studies clearly demon-
strate that differential Ca2+ processing between termi-
nals of the same axon contributes to distinct basal re-
lease properties and short-term plasticity, the role of
differential presynaptic Ca2+ regulation in target cell-
dependent forms of long-term plasticity has not previ-
ously been investigated.
Hippocampal MF afferents of dentate granule cells
provide divergent input to area CA3, directly innervating
both CA3 PYRs and SLINs. Functionally, MF inputs to
these distinct postsynaptic neurons undergo target
cell-dependent forms of presynaptic long-term plastic-
ity in response to the same conditioning stimulus. Spe-
cifically, MF-PYR inputs exhibit NMDAR-independent
long-term potentiation (LTP) following high-frequency
stimulation (HFS), while Ca2+-permeable AMPAR-con-
taining MF-SLIN synapses undergo NMDAR-indepen-
dent long-term depression (LTD; Lei and McBain,
2002; Maccaferri et al., 1998; Nicoll and Schmitz, 2005;
Pelkey et al., 2005; Toth et al., 2000; Zalutsky and Nicoll,
1990). Anatomically, MFs contact their divergent CA3
targets via distinct presynaptic elements: PYRs inputs
are formed by large, complex mossy fiber boutons
(MFBs), while SLINs are innervated by fine filipodial
structures (Fils) emerging from MFBs or by small en pas-
sant terminals (Acsady et al., 1998). The ability to deduce
postsynaptic MF targets from presynaptic anatomy
combined with the effectiveness of the same induction
protocol to concomitantly induce opposing forms of
plasticity at PYR and SLIN inputs provides an optimal
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498Figure 1. Transmission at Both MF-SLIN and
MF-PYR Synapses Is Primarily Mediated by
P/Q-Type VGCCs
(A and B) Plots of EPSC amplitude against
time obtained from representative recordings
demonstrating the effects of AgTx (A) and
CTx (B) on MF-SLIN transmission. Each point
represents the amplitude of an individual syn-
aptic event obtained at the time of the record-
ing indicated on the x axis. AgTx (250 nM) and
CTx (250–500 nM) were applied at the times
indicated, and MF origin of EPSCs was con-
firmed by DCGIV application at the end of re-
cordings. Traces above are the average of 20
consecutive events obtained at the times in-
dicated (bars, 50 pA/20 ms in both [A] and
[B]). (C and D) Same as above, but for repre-
sentative MF-PYR recordings demonstrating
AgTx (C) and CTx (D) sensitivity (bars, 100 pA/
20 ms for both records). (E and F) Normalized
group data demonstrating time course of
AgTx (E) and CTx (F) mediated inhibition of
synaptic transmission at MF inputs to SLINs
(n = 11 for AgTx; n = 9 for CTx) and PYRs
(n = 4 for AgTx; n = 10 for CTx) as well as
CA3 A/C inputs to interneurons (n = 6 for
AgTx; n = 10 for CTx). EPSC amplitudes
were binned and averaged (1 min segments)
then plotted normalized to the average
EPSC amplitude obtained during the baseline
period prior to drug treatment. Insets in (A),
and (C) are confocal images (maximum pro-
jection) of the SLIN and PYR recorded to gen-
erate each plot. Recorded neurons were re-
vealed in red after biocytin processing with
fluorescently conjugated avidin, and MFs
were revealed in green with calbindin stain-
ing. Error bars throughout are SEM.system to investigate presynaptic target cell-dependent
plasticity mechanisms using functional imaging tech-
niques.
Here we examine whether differential VGCC regula-
tion within MF terminals innervating PYRs and SLINs
contributes to disparate plasticity within these divergent
MF inputs. Our findings reveal striking compartmentali-
zation of presynaptic Ca2+ channel regulation between
MFB and Fil release sites in response to both chemically
and activity induced forms of long-term plasticity. More-
over, we show that MF-SLIN LTD is ultimately expressed
as a reduction in P/Q-type presynaptic VGCC function,
while expression of MF-PYR long-term plasticity is inde-
pendent of presynaptic VGCC alterations.
Results
Similar VGCC Complements Control Release
at MF Inputs to SLINs and PYRs
A potential difference between MF terminals contacting
SLINs and PYRs that could account for different release
and plastic properties is the complement of VGCCs trig-gering release at each presynaptic element. Basal MF-
PYR transmission is primarily mediated by P/Q-type
Ca2+ channels with a minor contribution from N-type
Ca2+ channels (Breustedt et al., 2003; Castillo et al.,
1994); however, the identity of VGCCs supporting trans-
mission at MF inputs to SLINs has not yet been reported.
To dissect the relative contributions of P/Q- and N-type
Ca2+ channels to MF-SLIN transmission, we monitored
MF evoked excitatory postsynaptic currents (EPSCs)
in SLIN whole-cell recordings during perfusion of selec-
tive P/Q- and N-type VGCC antagonists (Figure 1). MF-
SLIN EPSCs were highly sensitive to the P/Q-type Ca2+
channel antagonist u-Agatoxin IVA (AgTx, 250 nM), be-
ing irreversibly depressed to 18% 6 3.0% of control re-
sponses obtained immediately before toxin application
(p = 1.8 3 10210, n = 11; Figures 1A and 1E). In contrast,
MF-SLIN EPSCs were considerably less sensitive to
the N-type VGCC antagonist u-Conotoxin GVIA (CTx,
250–500 nM), being irreversibly depressed to 73% 6
8.2% of control (p = 0.012, n = 8; Figures 1B and
1F). In interleaved recordings, MF-PYR transmission
directly paralleled MF-SLIN AgTx/CTx response profiles
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499Figure 2. Fil CaTs Are Primarily Mediated by
P/Q-type VGCCs
(A–D) Representative sample images and re-
cords illustrating CaT recordings from MFBs
and Fils. (A) Confocal image of DiI-labeled
MFs in stratum lucidum of a hippocampal
slice demonstrating identification of a MF
bouton and a Fil (boxed region). Scale bar,
10mm. (B) Two-photon image of the MF termi-
nals highlighted in (A) (box) after loading with
the Ca2+ indicator OGB1-AM illustrating posi-
tioning of line scans to monitor CaTs in the
MFB (dashed line) or Fil (solid line). This ex-
ample is simply illustrative of the methodol-
ogy rather than representative, since MFBs
and associated Fils often existed within dif-
ferent focal planes. Scale bar, 10 mm. (C) Rep-
resentative single line-scan images of stimu-
lus-evoked Ca2+ signals (above) and
associated CaTs (traces below, plots of
%DF/F in time) recorded in a MFB (left) and
Fil (right). (D) Sample MFB line-scan image
and CaTs obtained in response to two closely
spaced stimuli (50 ms apart) revealing a lack
of dye saturation following a single stimulus.
(E) CaTs obtained before (black, Ctl) and after
DCGIV (red, DCGIV; 1 mM) application in rep-
resentative MFB and Fil recordings. (F) Sum-
mary bar graph of group data for experiments
illustrated in (E) revealing the sensitivity of
MFB (n = 10) and Fil (n = 8) CaTs to DCGIV
(1 mM). Data are expressed as percentage of
control CaTs obtained prior to DCGIV appli-
cation. (G and H) Representative recordings
(G) and group data (H) revealing the effects
of AgTx (n = 8) and CTx (n = 5) on Fil CaTs.
CaT scale bars are 500 ms/20% D F/F in (C),
(E), and (G); 500 ms/100% D F/F in (D).
*p < 0.05. Error bars throughout are SEM.(Figures 1C–1F), confirming previous findings (Breus-
tedt et al., 2003; Castillo et al., 1994). The differential
sensitivity of MF inputs to AgTx versus CTx did not result
from nonspecific effects of the reagents, as CA3 collat-
eral inputs onto interneurons displayed roughly equal
sensitivity to AgTx and CTx (Figures 1E and 1F), consis-
tent with similar contributions of P/Q- and N-type chan-
nels to release at associational/commissural (A/C) and
Schaffer collateral axon terminals (Castillo et al., 1994;
Wu and Saggau, 1994). Thus, P/Q-type Ca2+ channels
are the primary mediators of MF synaptic transmission
at both PYR and SLIN targets.
To complement our electrophysiological recordings,
we directly assayed presynaptic VGCC channel function
at MF-SLIN inputs by performing two-photon Ca2+ im-
aging from anatomically defined MF terminals in acute
hippocampal slices. MFs within stratum lucidum were
loaded with calcium indicator via local application of
membrane-permeable OGB1-AM (1 mM; Figure 2 and
Figure S1 in the Supplemental Data available online).
This strategy has been successfully employed for MF la-
beling (Breustedt et al., 2003; Kamiya and Ozawa, 1999;
Kamiya et al., 2002; Liang et al., 2002; Miyazaki et al.,
2005; Regehr and Tank, 1991; Tokunaga et al., 2004)
and avoids potential complications associated with
whole-cell patch-electrode application of indicator,such as intracellular dialysis. In initial experiments, we
labeled MF afferents with DiI prior to OGB-1 AM loading
to facilitate accurate MF terminal identification (Figures
2A and 2B). However, with experience, individual OGB-
1-loaded presynaptic elements could be readily discrim-
inated from other labeled structures (interneurons,
PYRs, etc.) in the absence of prior DiI staining (see Ex-
perimental Procedures and Figure S1A). Ca2+ transients
(CaTs) evoked by local electrical stimulation via a glass
microelectrode placed in stratum lucidum (10–50 mm
from imaging site) were selectively monitored in termi-
nals innervating SLINs by performing line-scan imaging
through the terminal zone of Fil extensions emanating
from MFBs (Figure 2B, solid line). Stimulus-evoked Fil
CaTs, monitored every 1–5 min, remained stable from
trial to trial in untreated slices (up to 35 min of recording)
and depressed during bath application of the group II
mGluR agonist DCGIV (1 mM; Figures 2C, 2E, and 2F),
consistent with their MF origin (Kamiya and Ozawa,
1999; Kamiya et al., 1996; Pelkey et al., 2005). Like MF-
SLIN EPSCs, Fil CaTs exhibited greater inhibition by
AgTx than CTx: Fil CaTs were depressed to 41.8% 6
7.2% and 82.7%6 4.7% of control by AgTx and CTx, re-
spectively (AgTx, n = 8, p = 0.008; CTx, n = 5, p = 0.025;
Figures 2G and 2H). Recent reports demonstrated simi-
lar sensitivities of MFB CaTs to AgTx and CTx, further
Neuron
500Figure 3. Pharmacologically Distinct Group
III mGluRs Regulate MFB and Fil CaTs
(A) Representative individual recordings from
a MFB (A1) and a Fil (A2) along with group
data ([A3], n = 6 MFBs, n = 5 Fils) illustrating
the CaT sensitivity in each of these terminal
types to a low concentration of L-AP4 (20
mM) sufficient to activate mGluR4, -6, and
-8. (B) same as in (A) but with a high concen-
tration of L-AP4 (500 mM) sufficient to recruit
mGluR7 ([B3], n = 6 MFBs, n = 6 Fils). For all
experiments, a baseline level of CaTs was ob-
tained (Ctl), L-AP4 was applied for 5 min, and
CaTs were monitored again (L-AP4), then
L-AP4 was washed for 15–20 min, and
CaTs were monitored a final time (washout).
Bars throughout are 500 ms/20% D F/F;
*p < 0.05, **p < 0.01. Error bars throughout
are SEM.indicating that PYR and SLIN release sites contain com-
parable VGCC complements (Miyazaki et al., 2005; To-
kunaga et al., 2004). Thus, considered together our elec-
trophysiological and imaging data demonstrate that
differential release properties and plasticity of MF inputs
to PYRs and SLINs do not result from distinct expres-
sion profiles of VGCCs within terminals contacting
each of these targets.
Differential Group III mGluR Regulation
of MFB and Fil CaTs
Although transmission at MF inputs to PYRs and SLINs
relies on similar VGCC complements, the anatomical
segregation of presynaptic elements contacting each
postsynaptic target may allow for compartmentalized
VGCC regulation in each terminal subtype (Pelkey
et al., 2005). We recently demonstrated differential sen-
sitivity of MF-PYR and MF-SLIN transmission to group III
mGluR regulation: MF-PYR synapses are depressed by
high-affinity group III mGluR activation, while MF-SLIN
synapses are depressed by low-affinity group III mGluR
activation (Pelkey et al., 2005). Thus, low concentrations
of the group III mGluR agonist L-AP4 (<20 mM), sufficient
to activate mGluR4, -6, and -8, depress MF-PYR trans-
mission, while high concentrations of L-AP4 (>100 mM),
sufficient to activate mGluR7, are required to depress
MF-SLIN transmission. In both cases, L-AP4-induced
depression results from inhibition of presynaptic release
(Nicoll and Schmitz, 2005; Pelkey et al., 2005). As pre-
synaptic Ca2+ channels are a likely target of group III
mGluRs (Millan et al., 2002a, 2002b, 2003; Perroy et al.,
2000, 2002), we examined the effects of L-AP4 on
CaTs in both MFB and Fil terminals (Figures 2A–2C illus-
trate presynaptic element discrimination).
We first determined whether CaTs evoked in MFBs
and Fils exhibit a similar pattern of L-AP4 sensitivity tothat observed electrophysiologically by comparing the
effects of a low concentration (20 mM) and a high con-
centration (500 mM) of L-AP4 on CaTs in each terminal
type (Figure 3). At 20 mM, L-AP4 selectively depressed
MFB CaTs to 64.6% 6 5.4% of control, leaving Fil
CaTs essentially unchanged at 115.7%6 10.8% of con-
trol (Figure 3A). In contrast, 500 mM L-AP4 depressed
both MFB and Fil CaTs to 66.9% 6 12.4% and
54.5% 6 10.5% of control, respectively (Figure 3B).
Thus, Ca2+ signals are indeed downstream targets of
group III mGluR activation in MF terminals, with MFB
CaTs being regulated by mGluR4/6 or -8 high-affinity
receptors and Fil CaTs being regulated by mGluR7
low-affinity receptors. Furthermore, as electrical signals
pass directly through MFBs to reach Fil terminals, the
lack of Fil CaT depression in low L-AP4 despite robust
depression in MFBs suggests that Fil VGCCs are direct
targets of mGluR7.
Group III mGluR-mediated depression of MF-SLIN
transmission further differs from that at MF-PYR synap-
ses in that MF-SLIN synaptic depression persists upon
L-AP4 (400 mM) washout if constant synaptic stimulation
is provided during agonist treatment (Figure 4A and
Pelkey et al., 2005). This chemically induced LTD of
MF-SLIN transmission does not result from the contin-
ued presence of agonist, as the same concentration of
L-AP4 (400 mM) produces only reversible depression at
MF-PYR synapses (Figure 4B). Furthermore, L-AP4-in-
duced MF-SLIN depression is not reversed by subse-
quent application of the group III mGluR antagonist
MSOP (Pelkey et al., 2005). To determine whether
L-AP4-induced MF-SLIN LTD is ultimately expressed
as a persistent reduction in VGCC function, we moni-
tored Fil CaTs at regular intervals (every 1–5 min) before,
during, and after L-AP4 (500 mM) treatment in slices
receiving constant MF stimulation (Figures 4C and 4E).
VGCC Plasticity at Distinct Mossy Fiber Terminals
501Figure 4. Chemical LTD of MF-SLIN Synap-
ses Is Expressed as a Depression of Fil CaTs
(A and B) Summary plots of normalized EPSC
amplitude versus time demonstrating the
effects of L-AP4 (500 mM) on MF-SLIN ([A],
n = 4) and MF-PYR ([B], n = 5) transmission.
Traces above are averaged EPSCs or pairs
of EPSCs (20 Hz [A]) obtained from represen-
tative recordings at the times indicated (bars
are 50 pA/20 ms in [A] and 100 pA/25 ms in
[B]). (C and D) Time course plot of representa-
tive experiments where CaTs were monitored
in either a Fil (C) or a MFB (D) before, during,
and after L-AP4 (500 mM) application while
providing constant MF stimulation (0.2 Hz).
CaTs were monitored regularly (every 1–5
min) throughout the recording and are plotted
normalized to the average CaT amplitude ob-
tained prior to L-AP4. Traces above are CaTs
obtained at the times indicated (bars, 500 ms/
20% DF/F). (E) Group data for experiments
similar to those illustrated in (C) and (D) (n =
5 for both MFBs and Fils). CaT amplitudes de-
termined at the end of L-AP4 treatment and
after 20–25 min of L-AP4 washout are ex-
pressed as a percentage of control CaTs ob-
tained prior to L-AP4 application (*p < 0.05
compared to control CaT amplitude). (F)
Group data (time course plot, n = 4) illustrat-
ing stability of Fil CaT amplitudes (black)
and decay time constants (red) in control re-
cordings. Values are expressed as a percent-
age of control responses obtained in the first
10 min of recordings and are presented as
mean with standard deviation error bars.
Traces above are CaTs from a representative
recording taken at the times indicated with
fitted decay time constants (red, single expo-
nential; bars, 500 ms/20% DF/F). Error bars
for (A), (B), and (E) are SEM.Five minutes of L-AP4 (500 mM) application paired with
basal stimulation (0.2 Hz) persistently depressed Fil
CaTs: CaTs were 55.7% 6 2.9% of pre-drug control
levels at the end of L-AP4 and remained at 52.6% 6
4.1% after 25 min of wash (Figures 4C and 4E). Persis-
tent CaT depression was not simply a result of constant
stimulation, as control recordings in which L-AP4 was
omitted exhibited stable Fil CaTs in experiments of sim-
ilar duration (Figure 4F and see Experimental Proce-
dures). Furthermore, CaTs recorded in MFBs receiving
constant stimulation (0.2 Hz) exhibited only reversible
depression by L-AP4 (500 mM; Figures 4D and 4E).
L-AP4 treatment had no effect on residual Ca2+ levels
in either MFBs or Fils (102% 6 9% and 102% 6 13%
of control, respectively), indicating that decreased rest-
ing Fil Ca2+ levels do not contribute to L-AP4-induced
MF-SLIN LTD (Regehr and Tank, 1991). These findings
further highlight the striking differential VGCC regulation
within MFBs and Fils by distinct group III mGluRs and re-
veal that L-AP4-induced MF-SLIN LTD is expressed as
a decrease in presynaptic VGCC function. Interestingly,
the failure to observe LTD of Fil CaTs with a high concen-
tration of L-AP4 in the absence of constant stimulation
(cf. Figure 3B) is consistent with the requirement of a
coincident postsynaptic Ca2+ increase during L-AP4
treatment or HFS to induce MF-SLIN LTD (Lei and
McBain, 2002; Pelkey et al., 2005).HFS-InducedMF-SLIN LTDExpression Is Associated
with Depressed Presynaptic VGCC Function
Ca2+-permeable AMPAR (CP-AMPAR) containing MF-
SLIN synapses exhibit presynaptically expressed LTD
following HFS (Lei and McBain, 2002, 2004; Maccaferri
et al., 1998; Pelkey et al., 2005; Toth et al., 2000; and
see Figures 5A and 5B) in contrast to MF-PYR synapses,
which express presynaptic LTP (Contractor et al., 2002;
Maccaferri et al., 1998; Pelkey et al., 2005; Toth et al.,
2000; Yeckel et al., 1999; Zalutsky and Nicoll, 1990).
While MF-PYR LTP expression occurs independent of
changes in presynaptic VGCC function (Kamiya et al.,
2002), this issue has not previously been addressed for
MF-SLIN LTD. As HFS-induced MF-SLIN LTD is medi-
ated by mGluR7 activation (Pelkey et al., 2005), our find-
ings to this point predict that such activity-dependent
plasticity is expressed as a reduction in presynaptic
VGCC function. Thus, we investigated the effects of
HFS on CaTs in Fil terminals. Following a baseline period
where Fil CaTs were monitored for 3–5 min, HFS was ap-
plied to induce LTD (Figures 5C and 5F). Immediately fol-
lowing HFS, single stimulus-evoked CaTs within Fil ter-
minals were depressed to 63.5% 6 7.3% of control
levels measured prior to HFS (e.g., Figure 5C). This de-
pression persisted for the duration of recordings (CaTs
were 63.8%6 7.4% of control at 30 min after HFS, n = 5,
p = 0.029; Figure 5F) and occurred without any change
Neuron
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CaTs
(A) Summary plot of normalized MF-SLIN
EPSC amplitude over time from recordings
in which the MF inputs were subjected to
HFS at the time indicated (arrow) leading to
LTD of transmission (n = 4). Traces above
are pairs of EPSCs obtained from a typical re-
cording at the times indicated (bars, 40 pA/20
ms). DCGIV (1 mM) was applied at the end of
recordings to confirm MF origin of the synap-
tic events. (B) Summary bar graph illustrating
changes in paired-pulse ratio (PPR) and coef-
ficient of variation (CV) of synaptic currents
following LTD induction for recordings in
(A). Increases in both parameters are consis-
tent with the presynaptic locus of LTD ex-
pression at MF-SLIN synapses (*p < 0.05;
**p < 0.01). (C and D) Plots of CaT amplitude
versus time for representative recordings in
which the effects of HFS (indicated by the
vertical line at time 0) on Fil (C) and MFB (D)
CaT amplitudes were monitored. Traces
above are CaTs obtained from each record-
ing at the times indicated (bars are 500 ms/
20% DF/F). (E) Sample record illustrating
that HFS applied in the presence of MSOP
(100 mM) does not depress Fil CaTs (bars,
500 ms/100% DF/F). (F) Bar graph summary
of the effects of HFS on CaTs measured in
MFBs (n = 6) and Fils in control solution
(n = 5) and on Fils in the presence of MSOP
(n = 4), D-AP5 (50 mM, n = 4), or DNQX
(20 mM, n = 4). Results are for CaTs obtained
20–30 min after HFS and are expressed as
a percentage of control CaTs obtained prior
to HFS (*p < 0.05 compared to pre-HFS;
#p < 0.05 for indicated comparison). Error
bars throughout are SEM.in residual Ca2+ levels (101% 6 5.4% of control levels
measured before HFS). For direct comparison, and to
control for nonspecific effects of the conditioning proto-
col, we also examined CaTs in MFBs before and after
HFS. Consistent with previous multibouton Ca2+ imag-
ing experiments (Kamiya et al., 2002), CaTs within single
MFBs were not significantly altered following HFS (p =
0.49; Figures 5D and 5F). Furthermore, although residual
MFB Ca2+ levels were elevated immediately after HFS
(131% 6 8.9% of control), they typically recovered to
pre-HFS levels within 2 min after HFS (100.8% 6 5.9%
of control), confirming that MF-PYR LTP does not result
from increased resting Ca2+ levels in MFBs (Regehr and
Tank, 1991). Thus, while activity-induced MF-PYR LTP
occurs independently of changes in presynaptic Ca2+,
concomitantly induced MF-SLIN LTD is expressed as
a decrease in presynaptic VGCC function without alter-
ations in resting intraterminal Ca2+.
To determine whether activity-induced LTD of Fil
CaTs requires mGluR7 activation, we applied HFS in
the presence of the selective group III mGluR antagonist
MSOP (100 mM). While treatment of slices with MSOP
had no effect on basal Fil CaTs with stimulation at 0.2
Hz (data not shown), it completely prevented HFS-
induced depression of Fil CaTs: responses were
102.5% 6 11.7% of control levels 30 min following
HFS in the presence of MSOP (Figures 5E and 5F). These
findings further reveal that HFS does not generally leadto a nonspecific decrease in VGCC function and confirm
that HFS-induced LTD of Fil CaTs requires mGluR7
signaling.
In addition to mGluR7 activation, induction of presyn-
aptic MF-SLIN LTD requires postsynaptic Ca2+ influx in-
dependent of NMDAR signaling (Lei and McBain, 2002;
Pelkey et al., 2005; also compare L-AP4 effects on Fil
CaTs with and without constant stimulation in Figures
3 and 4). Previously we proposed that CP-AMPARs
themselves serve as the source of postsynaptic Ca2+ in-
flux during NMDAR-independent MF-SLIN LTD. Consis-
tent with this hypothesis, we found that HFS only tran-
siently (10–15 min) depressed Fil CaTs (to 66.2% 6
3.8% of control 5–10 min post-HFS) when AMPARs
were blocked by DNQX (20 mM), with responses return-
ing to 90%6 5.1% of control within 20–30 min post-HFS
(Figure 5F). In contrast, the NMDAR antagonist D-AP5
(50 mM) did not alter HFS-induced LTD of Fil CaTs
(Figure 5F). These findings provide compelling evidence
for an active role of CP-AMPAR-mediated Ca2+ influx in
presynaptic MF-SLIN LTD. Moreover, the data point to
a predominance of this NMDAR-independent form of
MF-SLIN plasticity in the mouse hippocampus (Lei and
McBain, 2002, 2004), which is supported by the preva-
lence of CP-AMPAR-containing MF-SLIN synapses in
mouse hippocampal slices (rectification index = 0.29 6
0.03, range = 0.016–0.61, n = 35; see also Pelkey et al.,
2005).
VGCC Plasticity at Distinct Mossy Fiber Terminals
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Induced LTD of Fil CaTs
(A and B) CaT amplitude against time plots
from representative experiments in which
HFS (arrow) was applied after Fil CaTs were
first depressed by CTx ([A], 250–500 nM) or
AgTx ([B], 250 nM). CaT traces above were
obtained under the conditions indicated
(bars, 500 ms/10% DF/F). (C) Bar chart sum-
marizing effects of HFS on Fil CaTs previously
depressed by CTx (n = 5) or AgTx (n = 4). Data
represent CaT amplitudes obtained 5–10 min
after HFS expressed as a percentage of CaT
amplitudes obtained immediately preceding
HFS (*p < 0.05). (D and E) EPSC amplitude
against time plots from representative re-
cordings (upper) and normalized group data
(lower) demonstrating effects of L-AP4 (500
mM) on MF-SLIN synapses that were first de-
pressed by CTx ([D], 250–500 nM, n = 4) or
AgTx ([E], 250 nM, n = 7). Traces above are
pairs of EPSCs (20 Hz) obtained at the times
indicated (bars, 50 pA/25 ms). Error bars
throughout are SEM.Considered together, our HFS experiments provide
further evidence that VGCC regulation within anatomi-
cally distinct MF terminals is highly compartmentalized,
allowing for functional specialization of presynaptic
plasticity according to divergent postsynaptic targets.
Moreover, our findings reveal a common expression
mechanism for activity and chemically induced MF-
SLIN LTD: depressed presynaptic Ca2+ channel func-
tion. As our data indicate contributions of both P/Q-
and N-type Ca2+ channels to MF-SLIN transmission
(cf. Figures 1, 2G, and 2H), we examined which VGCCs
are targeted. Thus, we tested whether AgTx and/or
CTx occluded HFS-induced LTD of Fil CaTs. In CTx-
treated slices, HFS depressed Fil CaTs to 60.4% 6
4.7% of control CaTs obtained immediately preceding
HFS (Figures 6A and 6C). HFS-induced depression of
Fil CaTs in the presence of CTx was persistent (up to
10 min post-HFS) and did not significantly differ from
HFS-induced depression in the absence of CTx (p =
0.286). In contrast, HFS did not significantly alter Fil
CaTs in slices treated with AgTx: Fil CaTs were
114.6% 6 13.6% of control CaTs obtained prior to
HFS (p = 0.41; Figures 6B and 6C). Similarly, in electro-
physiological recordings, L-AP4 (400 mM) reliably in-
hibited MF-SLIN synapses that were first depressed
with CTx, but failed to alter MF-SLIN transmission fol-
lowing AgTx treatment (Figures 6D and 6E). Togetherthese findings demonstrate that AgTx but not CTx oc-
cludes MF-SLIN LTD, revealing that P/Q-type VGCCs
are the ultimate targets of HFS/mGluR7-induced LTD
at Fil inputs to SLINs. Consistent with this conclusion,
the relative contribution of N-type Ca2+ channels to Fil
CaTs increased after HFS-induced LTD of Fil CaTs:
CTx depressed residual CaTs to 55.5% 6 6.2% of con-
trol CaTs obtained following HFS (n = 4; data not shown)
compared with a depression to 82.7%6 4.7% of control
for CaTs not previously depressed by HFS (Figure 2H;
p = 0.009).
MF-PYR LTD Expression Is Not Associated
with Persistent Depression of MFB CaTs
The lack of persistent MFB CaT depression following
L-AP4 treatment or HFS is perhaps not surprising given
that neither manipulation produces LTD of MF-PYR
transmission. Thus, although these experimental proto-
cols reveal striking differences in MFB and Fil CaT regu-
lation, they do not indicate whether MFB and Fil release
sites utilize common molecular expression mechanisms
for LTD. Indeed, while MF-PYR LTP clearly proceeds in-
dependent of persistent changes in MFB Ca2+ channel
function (Figures 5D and 5F; Kamiya et al., 2002), the be-
havior of MFB CaTs during MF-PYR LTD has not previ-
ously been examined. To determine whether reduced
presynaptic VGCC function is a common expression
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Expression of MF-PYR LTD
(A and B) EPSC amplitude versus time plots
from representative recordings (upper) and
normalized group data (lower) illustrating
chemically induced ([A], 1 mM DCGIV paired
with basal stimulation of 0.33 Hz, n = 4) and
LFS-induced ([B], 1 Hz stimulation for 15
min, n = 4) LTD of MF-PYR transmission. In
(A), the group II mGluR antagonist LY341495
(10 mM) was applied at the end of recordings
to ensure that continued depression was not
the result of inefficient DCGIV wash. Traces
above upper plots are representative EPSC
pairs (average of 20 sweeps) obtained at the
times indicated (bars, 100 pA/20 ms). (C and
D) CaTs from representative recordings (C)
and group data summary bar chart (D) illus-
trating the effects of the two MF-PYR LTD in-
duction protocols (as indicated) on MFB
CaTs. CaTs were measured within 5 min fol-
lowing the end of either induction protocol
(middle traces in [C], DCGIV and LFS in [D])
then again at 25–30 min postinduction (last
traces in [C], wash and post-LFS in [D]) and
expressed as percentage of control re-
sponses obtained prior to either induction
protocol (Ctls in [C]). Bars in (C) are 500 ms/
20% DF/F. In (D), *p < 0.05; **p < 0.01; n = 5
for DCGIV and 4 for LFS. Error bars through-
out are SEM.mechanism for MF LTD at both of its divergent CA3 tar-
gets, we monitored MFB CaTs before, during, and after
MF-PYR LTD induction using two established protocols:
(1) DCGIV application paired with constant MF stimula-
tion and (2) prolonged low-frequency stimulation (LFS,
15 min at 1 Hz; both reviewed in Nicoll and Schmitz
2005). In whole-cell recordings, 5 min of DCGIV (1 mM)
treatment reliably induced LTD of MF-PYR EPSCs
evoked at 0.2–0.33 Hz (15 min after DCGIV wash
responses remained at 44% 6 9.8% of control,
Figure 7A). Persistent depression of MF-PYR synapses
following DCGIV removal did not result from inefficient
washout, as perfusion of the group II mGluR antagonist
LY 341495 (10 mM) at the end of recordings did not re-
cover MF-PYR EPSCs to pre-DCGIV levels (responses
remained at 54%6 9.0% of control, Figure 7A). In inter-
leaved control recordings, the efficacy of LY 341495 was
confirmed by concomitant application of both drugs
(MF-PYR EPSCs remained at 98.8% 6 10% of control
responses obtained prior to DCGIV/LY 341495 applica-
tion, data not shown). Using this chemical-induction
protocol, we observed reliable depression of MFB
CaTs during DCGIV application (61.5%6 10.2% of con-
trol); however, responses recovered to pretreatment
levels (107.2% 6 13.1% of control) following removal
of the mGluR2/3 agonist (Figures 7C and 7D). Similarly,
the LFS protocol, which reliably induced MF-PYR LTDin electrophysiological recordings (60.9% 6 11.6% of
control 20 min postinduction; Figure 7B), produced
only transient MFB CaT depression that always recov-
ered to preconditioning levels (Figures 7C and 7D).
Thus, MF-PYR LTD expression is not associated with
persistent depression of presynaptic VGCC function, re-
vealing that LTD at MF inputs to PYRs and SLINs utilize
different expression mechanisms.
Differential VGCC Regulation Revealed
by Simultaneous Imaging of MFB
and Associated Fil CaTs
In a final series of experiments we took advantage of the
fact that MFB and associated Fil terminals could some-
times be observed within the same focal plane to simul-
taneously monitor CaTs within these distinct presynatic
elements (Figure 8A). To this point, control CaTs within
MFBs and Fils monitored independently exhibited simi-
lar amplitudes with a tendency for Fil CaTs to be larger
(30% 6 3.2% and 39.3% 6 3.6% DF/F, respectively).
Similarly, in these recordings where MFB and Fil CaTs
were monitored simultaneously, thus controlling for dif-
ferences in dye loading and stimulation intensity, Fil
CaTs were significantly larger than associated MFB
CaTs (MFB: 32.7% 6 3.9% DF/F, Fil: 42.7% 6 5.1%
DF/F, n = 16, p = 0.042, Figures 8A and 8B), perhaps
explaining the higher initial release probability (Pr) at
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MFBs and Associated Fils
(A) Representative illustration of simulta-
neous MFB and associated Fil CaT recording.
At left is a two-photon image of an OGB1-AM-
loaded MFB with associated Fil where both
terminals are visible in the same focal plane,
allowing for simultaneous monitoring of
Ca2+ signals in both terminals by a single
line scan (dashed white line). The raw line-
scan image (middle) and associated CaTs
(right) obtained during MF stimulation reveal
larger amplitude events in the Fil terminal
compared to the MFB. (B) Group data for 16
recordings similar to the one illustrated in
(A), showing plot of stimulus-evoked CaT am-
plitudes for each paired MFB/Fil recording.
(C) Plot of CaT amplitude against time from
a representative recording illustrating that
HFS selectively depresses Fil CaTs (open
symbols) leaving CaTs in the parent MFB
(filled symbols) unchanged. CaTs above
were obtained simultaneously from the Fil
and MFB pair at the times indicated. (D) Rep-
resentative recording illustrating the effects of a high concentration of L-AP4 (500 mM, with constant stimulation at 0.2 Hz) on CaTs recorded
simultaneously in another connected MFB/Fil pair. Bars throughout the figure are 500 ms/20% DF/F. *p < 0.05. Error bars throughout
are SEM.MF-SLIN synapses compared to MF-PYR synapses
(Lawrence et al., 2004; Engel and Jonas, 2005). Impor-
tantly, as observed in experiments where MFB and Fil
CaTs were assayed independently, HFS yielded a selec-
tive irreversible depression of Fil CaTs, leaving the asso-
ciated MFB CaT unchanged (e.g., Figure 8C, group data
incorporated into Figure 5F). Similarly, application of L-
AP4 at a concentration sufficient to recruit mGluR7 (500
mM) selectively generated LTD of Fil CaTs with depres-
sion of MFB CaTs being fully reversible (e.g., Figure 8D,
group data incorporated into Figure 4E). These observa-
tions confirm our findings from experiments in which
MFBs and Fils were assayed independently and once
again highlight the striking compartmentalization of
VGCC regulation within divergent presynaptic elements
of the same axon.
Discussion
Anatomical specialization of divergent MF inputs yields
an attractive substrate for cell target-specific presynap-
tic plasticity, as distinct signaling elements could be
segregated between terminals innervating PYRs and
SLINs. Such segregation may effectively compartmen-
talize specific induction and expression mechanisms
allowing for proper distribution of activity-induced
changes in synaptic efficacy to appropriate targets.
Indeed we recently demonstrated that activation of
mGluR7, which specifically localizes to MF terminals
opposing SLINs and not PYRs (Shigemoto et al., 1997),
is an important step in presynaptic MF-SLIN LTD induc-
tion (Pelkey et al., 2005). Our current findings reveal
striking differences in the regulation of presynaptic
Ca2+ influx between MF elements innervating PYRs
and SLINs. Most notably HFS of MF afferents produces
a selective depression of CaTs in Fil terminals innervat-
ing SLINs. This activity-induced downregulation of Ca2+
influx at MF interneuron terminals requires mGluR7 acti-
vation, is occluded by P/Q-type Ca2+ channel blockade,and persists for at least 30 min post-HFS. Considering
the evidence together, we propose that NMDAR-
independent MF-SLIN LTD is expressed as a persistent
depression of presynaptic P/Q-type Ca2+ channel func-
tion triggered by mGluR7 activation.
Consistent with previous observations in multibouton
imaging experiments (Kamiya et al., 2002), CaTs moni-
tored in single MFBs were not significantly altered by
HFS. Given that this induction protocol generates plas-
ticities of opposite polarity in MFBs and Fils, the striking
disconnect in VGCC regulation following HFS within
these presynaptic elements may have been expected.
However, we also found that MF-PYR LTD expression
occurs independent of MFB CaT depression, indicating
that the disconnect in MFB and Fil CaT regulation per-
sists even when comparing plasticity of the same polar-
ity. Rather than changes in VGCC function, long-term
plasticity in MFBs is expressed by changes in vesicle re-
lease machinery downstream of Ca2+ entry (reviewed in
Nicoll and Schmitz, 2005). Specifically, activity-induced
changes in cAMP levels alter release by regulating PKA-
dependent phosphorylation of the active zone protein
Rim1a, a binding partner for the synaptic vesicle protein
Rab3a (Calakos et al., 2004; Castillo et al., 2002; Huang
et al., 1994; Schoch et al., 2002; Tzounopoulos et al.,
1998; Weisskopf et al., 1994; Yokoi et al., 1996). Why
the cAMP/RIM1a/Rab3a pathway is not available to reg-
ulate MF-SLIN synapses remains unknown; however,
any potential roles in state-dependent forms of MF-
SLIN plasticity (Pelkey et al., 2005) have yet to be inves-
tigated.
The discrepant long-term regulation of CaTs at MFB
and Fil release sites could result from distinct VGCC ex-
pression profiles within these presynaptic elements.
However, we found that transmission at both MF-PYR
and MF-SLIN synapses is primarily supported by
AgTx-sensitive P/Q-type VGCCs with only minor contri-
butions from CTx-sensitive N-type VGCCs. Moreover,
Fil CaTs exhibited strikingly similar AgTx and CTx
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(Miyazaki et al., 2005; Tokunaga et al., 2004). Thus, basal
release at MFB and Fil terminals is controlled by similar
VGCC complements, arguing against a contribution of
different VGCC mosaics at SLIN and PYR inputs to tar-
get cell-dependent plasticity. Instead our findings sug-
gest that signaling elements capable of persistently de-
pressing VGCCs are selectively engaged at MF inputs to
SLINs during HFS. As most central synapses exhibit
highly nonlinear Ca2+/release relationships well de-
scribed with cooperativity coefficients between 3 and
4 (Schneggenburger and Neher, 2005), the apparent lin-
ear relation between the level of Fil CaT depression and
that of MF-SLIN transmission induced by either L-AP4 or
HFS (roughly 40%–50% LTD of both transmission and
CaTs) is rather surprising. However, a relatively linear
relationship between MF-SLIN EPSC amplitude and
extracellular Ca2+ within the range of 1–3.8 mM was pre-
viously observed (Toth et al., 2000). Furthermore, similar
shallow Ca2+ dependencies of release have been re-
ported at other central synapses exhibiting a high initial
Pr (Murphy et al., 2004; Thoreson et al., 2004). Concern-
ing the molecular entities involved in Fil CaT and MF-
SLIN LTD, our findings implicate presynaptic P/Q-type
Ca2+ channels as downstream targets of mGluR7 activa-
tion since AgTx occludes HFS-induced CaT depression
and L-AP4-mediated inhibition of MF-SLIN transmis-
sion. Conversely, both HFS-induced CaT depression
and L-AP4-induced MF-SLIN LTD persist in the pres-
ence of CTx. Furthermore, mGluR7-mediated depres-
sion of MF-SLIN transmission is PKC dependent (Pelkey
et al., 2005), and mGluR7 activation has been demon-
strated to mediate a PKC-dependent persistent depres-
sion of P/Q-type VGCC currents (Perroy et al., 2000,
2002). Thus, we conclude that compartmentalization of
MF CaT/release LTD to SLIN inputs results in part from
selective localization of mGluR7 to these terminal sites.
Although transmission at MF-PYR synapses also pri-
marily relies on P/Q-type VGCCs, group III mGluR acti-
vation with L-AP4 produces only transient depression
of MFB CaTs and release. Our findings suggest that
this difference from MF-SLIN synapses arises because
MF-PYR synapses are regulated by high-affinity group
III mGluRs (mGluR4, -6, or -8) rather than mGluR7. Inter-
estingly, however, these receptors appear not to be ac-
tivated during HFS, as we did not observe transient CaT
depression in MFBs following HFS (also see Kamiya
et al., 2002). Similarly, group II mGluRs capable of pro-
ducing reversible MFB CaT depression do not appear
to be engaged during HFS. These findings are surprising
given that 1 Hz MF stimulation can effectively activate
presynaptic mGluRs to depress MF-PYR frequency-de-
pendent facilitation at room temperature (Min et al.,
1998; Scanziani et al., 1997). However, at more physio-
logical temperatures, like those used in the current
study, activation of MF-PYR presynaptic mGluRs is pre-
vented by glutamate uptake (Min et al., 1998). This sug-
gests that the group II and III mGluRs responsible for
regulating MF-PYR transmission reside at relatively re-
mote locations from MF-PYR release sites and require
significant diffusion of glutamate for activation. The pre-
terminal concentration of group II mGluRs within MF
axons would support this hypothesis (Shigemoto et al.,
1997). However, group III mGluRs are typically foundwithin presynaptic active zones (Corti et al., 2002; Ferra-
guti et al., 2005; Shigemoto et al., 1997), although this
has not formally been examined for mGluR4 and -8 in
MF axons. While further investigation is required to elu-
cidate the role of glutamate transporters at MF-SLIN
inputs, accumulation of mGluR7 within MF-SLIN termi-
nal active zones (Shigemoto et al., 1997) ensures optimal
localization for glutamate sensing.
In addition to mGluR7 activation we found that L-AP4-
induced LTD of Fil CaTs requires continuous afferent
stimulation (compare Figures 3B and 4C and 4E). This
observation directly parallels our prior findings for
L-AP4-induced LTD of MF-SLIN transmission (Pelkey
et al., 2005) and is consistent with a requirement for
postsynaptic Ca2+ influx to consolidate presynaptic
MF-SLIN LTD (Lei and McBain, 2002; Pelkey et al.,
2005). Previously, we have proposed that activation of
CP-AMPARs provides the postsynaptic Ca2+ elevation
during LTD induction but could not directly test this
hypothesis as blocking the receptors precludes electro-
physiological assay of MF-SLIN function. Here our pre-
synaptic imaging experiments provided an opportunity
to probe MF-SLIN function in the absence of postsynap-
tic AMPAR activation by monitoring Fil CaTs in the pres-
ence of DNQX. We found that Fil CaT LTD was prevented
by AMPAR blockade. Based on these findings we pro-
pose the existence of a retrograde trans-synaptic signal
triggered postsynaptically by Ca2+ influx through CP-
AMPARs that acts in concert with presynaptic mGluR7
activation to generate NMDAR-independent MF-SLIN
LTD. Such retrograde signaling is similarly proposed to
participate in presynaptic plasticity throughout the
CNS (Alle et al., 2001; Chevaleyre and Castillo, 2003;
Contractor et al., 2002; Gerdeman et al., 2002; Yeckel
et al., 1999) and imparts a Hebbian quality to MF-SLIN
LTD demanding coincident pre- and postsynaptic acti-
vation for induction/expression. The requirement of
a CP-AMPAR-associated retrograde messenger for per-
sistent CaT depression may also help explain why
MF-PYR terminals exhibit only reversible depression
by L-AP4, as PYRs predominantly contain Ca2+-imper-
meable AMPARs. Determining exactly how mGluR7 ac-
tivation combined with the putative retrograde messen-
ger produces irreversible P/Q-type VGCCs depression
requires further investigation. Possible mechanisms
include alterations in channel conductance or perhaps
removal from the Fil surface membrane, as recently re-
ported for ORL1 receptor-mediated persistent N-type
channel depression (Altier et al., 2005).
An intriguing feature of the MF-CA3 system is the very
strong feedforward inhibition received by CA3 principal
cell targets during low-frequency granule cell discharge
(reviewed in Lawrence and McBain, 2003). Indeed, syn-
chronous activation of granule cells in vivo has paradox-
ically been found to generate net inhibition of CA3 pyra-
mid firing (Bragin et al., 1995a, 1995b; Penttonen et al.,
1997). Similarly, in vitro paired recordings have demon-
strated that single granule cell APs evoked at low test
frequencies produce a net inhibitory signal in CA3
PYRs (Mori et al., 2004). This highly efficacious feedfor-
ward inhibition results in part from the fact that MF in-
puts to interneurons greatly outnumber those onto pyr-
amids (Acsady et al., 1998) but also reflects the almost
one order of magnitude greater initial Pr at MF-SLIN
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1993; Lawrence et al., 2004). Our simultaneous MFB and
Fil imaging experiments provided a unique opportunity
to determine whether the disparate initial Pr at MF inputs
to SLINs versus PYRs results in part from differences in
Ca2+ influx at each terminal. We found that Fil CaTs were
larger in amplitude than those in associated parent
MFBs, suggesting that higher Pr at MF-SLIN synapses
likely relates to larger Ca2+ currents in Fil terminals.
This finding was predicted in a recent computational
study that simulated Ca2+ currents in each MF presyn-
aptic element using VGCC kinetics obtained in MFB re-
cordings (Bischofberger et al., 2002; Engel and Jonas,
2005). The larger CaTs in Fil terminals may arise from lo-
cal AP amplitude boosting due to reflection at the sealed
ends of filipodial extensions endowed with voltage-
gated Na+ channels, although proof of such channels
in these structures requires further investigation (Engel
and Jonas, 2005).
A recent report demonstrated that the Ca2+ dynamics,
efficacy of basal transmission, and short-term modifica-
tion of identified synaptic connections produced by an
individual neocortical principal cell axon vary with the
type of target neuron contacted (Koester and Johnston,
2005). Interestingly, initial Pr and Ca
2+ influx was on av-
erage larger at boutons innervating multipolar interneu-
rons than at boutons contacting principal cells (Koester
and Johnston, 2005), reminiscent of our own findings at
MF inputs to SLINs and PYRs. Within such circuits feed-
forward inhibition acts as a powerful gate-keeper regu-
lating principal cell output. Thus, divergent cell target-
dependent short- and long-term plasticity have the
capacity to dramatically influence cortical information
processing (Blitz and Regehr, 2005; Gabernet et al.,
2005; Lawrence and McBain, 2003; Pouille and Scan-
ziani, 2001). Our current findings indicate that function-
ally divergent release sites of the same afferent exhibit
a remarkable ability to autonomously regulate presyn-
aptic VGCC function in response to the same activity
pattern, revealing a powerful mechanism to permanently
alter excitation/inhibition dynamics within neuronal
circuits.
Experimental Procedures
Slice Preparation
Hippocampal slices (300–350 mm thick) were prepared from 2- to 3-
week-old (range P12–P22) C57BL/6 mice as described previously
(Pelkey et al., 2005; Topolnik et al., 2005). Briefly, mice were anesthe-
tized with isoflurane or halothane, and the brain was dissected in
ice-cold saline solution (in mM): 130 NaCl, 24 NaHCO3, 3.5 KCl,
1.25 NaH2PO4, 0.5 CaCl2, 5.0 MgCl2, and 10 glucose, saturated
with 95% O2 and 5% CO2, pH 7.4. In some cases NaCl was
substituted with sucrose (250 mM). Transverse slices were cut using
a VT-1000S vibratome (Leica Microsystems, Bannockburn, IL) and
incubated in the above solution at 35C (30 min), following which
they were kept at room temperature until use. All procedures con-
formed to NIH and Universite´ de Montre´al animal welfare guidelines.
Whole-Cell Recordings
Slices were transferred to a recording chamber and perfused (3–5
ml/min, 32C–35C) with extracellular solution (in mM): 130 NaCl,
24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 2.5 CaCl2, 1.5 MgCl2, 10 glu-
cose, and 0.005 bicuculline methobromide saturated with 95%
O2/5% CO2, pH 7.4. DL-AP5 (50–100 mM) was added to the perfus-
ate, ensuring that only NMDAR-independent presynaptic MF-SLIN
LTD was assayed (Lei and McBain, 2002); however, as mentionedabove, the presynaptic NMDAR-independent form of MF-SLIN
LTD predominates in the mouse, presumably due to the high inci-
dence of CP-AMPAR-containing synapses (Lei and McBain, 2002,
2004). SLINs and PYRs were visually identified within the first 100
mm of slices using a 403 objective and IR-DIC video microscopy
(Zeiss Axioskop). Only interneurons with cell somata localized within
or on the border of stratum lucidum and radiatum were included in
SLIN data groups (e.g., Figure 1A). Whole-cell recordings of SLINs
and PYRs were performed using a multiclamp 700A amplifier
(Axon Instruments, Foster City, CA) in voltage-clamp mode at a hold-
ing potential of260 mV. Recording electrodes (3–5 MU) pulled from
borosilicate glass (WPI, Sarosota, FL) were filled with (in mM) 100
Cs-gluconate, 5 CsCl, 0.6 EGTA, 5 MgCl2, 8 NaCl, 2 Na2ATP,
0.3 GTPNa, 40 HEPES, 0.1 spermine, and 1 QX-314, pH 7.2–7.3,
290 mOsm. Biocytin (0.2%) was routinely added to the recording
electrode solution to allow post hoc morphological processing of re-
corded cells as previously described (see Supplemental Experimen-
tal Procedures). Uncompensated series resistance, 8–20 MU, was
rigorously monitored by delivery of 25 mV voltage steps, and re-
cordings were discontinued following changes of >15%. MF-SLIN
responses were evoked at 0.33 Hz by low-intensity stimulation
(100–150 ms/25–100 mA) in the dentate gyrus or stratum lucidum,
via a constant current isolation unit (A360, WPI) connected to a patch
electrode filled with oxygenated extracellular solution. To evoke
A/C-interneuron responses, the stimulating electrode was placed
in CA3 stratum radiatum. Additionally, responses obtained by stim-
ulating in stratum lucidum that did not exhibit DCGIV/L-AP4 sensitiv-
ity (see Supplemental Experimental Procedures) were considered to
arise from A/C inputs. HFS consisted of 100 Hz stimulation for 1 s
given three times at an interval of 10 s. Data acquisition (filtered at
3 kHz, digitized at 20 kHz) and analysis were performed using
a PC equipped with pClamp 9.0 software (Axon Instruments).
Electrophysiological Data Analysis
EPSC amplitudes were measured during a 1–1.5 ms window around
the peak of the waveform and for group data amplitudes were nor-
malized to the mean amplitude obtained during the baseline period
(first 3–5 min). Group data are presented as means 6 SEM, with
paired or unpaired t tests used to assess statistical significance as
appropriate. For experiments in which paired-pulse ratios (PPRs)
were examined, two synaptic events were evoked 50 ms apart at
the baseline test frequency of 0.33 Hz (e.g., Figures 6A). The PPR
was calculated as the mean P2/mean P1, where P1 was the ampli-
tude of the first evoked current and P2 was the amplitude of the sec-
ond synaptic current obtained for consecutive individual sweeps.
The CV of synaptic currents was calculated as the SD of current am-
plitude divided by mean (x) of the current amplitude (CV = SD/x) for
sequential (60) EPSCs. Rectification index (RI) was generated from
averaged (10 to 20 traces) EPSC amplitudes at a series of holding
potentials between 260 and +40 mV. EPSC amplitudes recorded
at negative holding potentials (from260 to220 mV) were fit by a lin-
ear regression, and RI was defined as the ratio of the actual current
amplitude at +40 mV to the predicted linear value at +40 mV.
Presynaptic Ca2+ Imaging
Slices were transferred to a recording chamber and perfused contin-
uously (2.5 ml/min) with artificial cerebrospinal fluid (ACSF) contain-
ing (in mM) 130 NaCl, 3.5 KCl, 1.25 NaH2PO4, 24 NaHCO3, 1.5 MgCl2,
2.5 CaCl2, and 10 glucose, saturated with 95% O2/5% CO2 (pH 7.4).
In some experiments (e.g., Figures 2A and 2B), axons and presynap-
tic elements of the MF pathway were labeled by local application
of lipophilic fluorescent DiI (1,10-dioctadecyl-3,3,30,30-tetramethyl-
indocarbocyanine perchlorate; Molecular Probes) crystals to the
dentate gyrus surface via a glass pipette connected to a Picospritzer
(PicoSpritzer II, Parker Instrumentation, Fairfield, NJ) to facilitate MF
terminal identification. After 1–2 hr of DiI application, fluorescence
(excited at 543 nm and monitored above 560 nm) emerging from
labeled MF axons and presynaptic terminals in stratum lucidum
approximately 500 mm distal from the application site was detected,
and confocal 3D images were collected using a confocal laser scan-
ning microscope LSM 510 (Carl Zeiss, Kirkland, QC) equipped with
a 403 water-immersion objective (NA 0.8; Carl Zeiss, Kirkland QC).
In all experiments MF terminals were loaded with a membrane-
permeable form of Ca2+ indicator Oregon Green-488-BAPTA-1-AM
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508(OGB1-AM) to monitor presynaptic CaTs (Breustedt et al., 2003;
Kamiya and Ozawa, 1999; Kamiya et al., 2002; Liang et al., 2002;
Regehr and Tank, 1991). The dye was dissolved in DMSO plus
20% Pluronic F-127 to yield a concentration of 10 mM. For MF load-
ing, this stock solution was diluted on the day of the experiment with
ACSF to a final concentration of 1 mM (Stosiek et al., 2003) and ap-
plied to the hilar/CA3 border at the level of st. lucidum by pressure
ejection (Picospritzer) through a glass pipette (tip diameter of 10–
20 mm) positionedw100 mm below the slice surface. One hour after
OGB1-AM ejection, labeled terminals were identified approximately
100–300 mm from the site of injection and assessed for suitability of
recording. With experience, multiple (typically two to three) clearly
labeled MFs with large MFBs and associated Fils could reliably be
discriminated from nonspecifically labeled neighboring structures
(PYRs, SLINs, etc., see Figure S1B), even without prior DiI labeling,
in approximately 30% of slices loaded with OGB1-AM. Fil terminals
were identified as the very tip of filipodial extensions (average length
from parent MFB = 7.96 0.54 mm, Figure S1A) that could be seen to
originate from large parent MFBs (average diameter = 7.46 0.95 mm,
Figure S1A) in confocal stacks, or in some cases in the same focal
plane.
Presynaptic calcium imaging was performed using a two-photon
laser scanning microscope based on a mode-locked Ti:Sapphire la-
ser operating at 800 nm, 76 MHz pulse repeat, <200 fs pulse width,
and pumped by a solid-state source (Mira 900 and 5W Verdi argon
ion laser, Coherent, Santa Clara, CA). A long-range water-immersion
objective (403, NA 0.8) was used. Fluorescence was detected
through a long-pass filter (cut-off 680 nm) in nondescanned detec-
tion mode, and images were acquired using the LSM 510 software
(Carl Zeiss, Kirkland, QC). CaTs (average of three responses) evoked
by MF stimulation were typically measured at 1–5 min intervals (un-
less stated otherwise, e.g., legends of Figures 3, 7C,and 7D) by
scanning a line along the MF bouton and/or filopodial terminal
zone. For CaT analysis, fluorescence background was subtracted
from fluorescence intensity averaged over the line. Changes in fluo-
rescence were calculated relative to the baseline and expressed as
%DF/F = [(F 2 Frest)/Frest] 3 100. CaT group data are presented as
mean 6 SEM, unless indicated otherwise. As consecutive imaging
sequences obtained during prolonged time series experiments
(e.g., Figures 4–8) could promote phototoxic damage, it was neces-
sary to establish inclusion criteria for time series CaT recordings.
A classical indicator of photodamage is a large change in CaT decay
kinetics. In control recordings where Fil CaTs were acquired at reg-
ular intervals over a 35 min period in slices receiving constant MF
stimulation (0.2 Hz) and perfused with standard ACSF, CaTs re-
mained stable in amplitude and exhibited no more than 20% (stan-
dard deviation) change in decay kinetics determined by a single
exponential fit (Figure 4F). Thus, we excluded recordings from anal-
ysis if CaT decay kinetics deviated by more than 20%.
Drugs
L-AP4, DCGIV, LY341495, and DL-AP5 were obtained from Tocris
(Ellisville, MO). AgTx, CTx, DNQX, and D-AP5 were obtained from
SIGMA (St. Louis, MO). OGB1-AM and DiI came from Invitrogen
Molecular Probes (Carlsbad, CA).
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/52/3/497/DC1/.
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